Abstract. The research investigated the use of low-cost video cameras and low-voltage near-infrared emitter for night-time engineering structural monitoring. The aim of the investigation was to determine whether near-infrared video could be used for night-time continuous engineering structural monitoring. Engineering structural deformation monitoring trials were carried out using wooden, steel and concrete beams. Factory floor floodlights and near-infrared emitters were used to provide light for the video recording during the tests in total darkness. Multi-station photogrammetric image processing techniques were exploited to obtain accurate 3D models of the structural deformation. The results show that near-infrared video and colour video give similar 3D measurement accuracy of around 0.050 mm. Nevertheless, the near-infrared video technique is more suitable for night-time deformation monitoring as it requires less electric power to illuminate objects continuously in the dark.
Introduction
Video cameras which can operate in NIR model can be used for continuous near-infrared (NIR) video recording. In 2006, Chong and Mathieu [3] carried out research to determine whether the NIR mode of the Sony F828 cameras were suitable for 3D mapping of the facial area of human subjects, particularly young people who were distressed by floodlight during clinical video recording. The research found that NIR video recording was an alternative to colour video recording because the 3D facial mapping accuracies were similar for both techniques, Subsequently, Chong et al. [1] exploited high definition Sony HDR-HC5E video cameras to capture stereo-pair of NIR video of crime suspects at bank ATM booths at night. The recorded videos were processed using photogrammetric techniques to obtain 3D facial map of suspects. The research found NIR video recording was capable of achieving 3D digital facial mapping accuracy in the order of 1 to 2 mm at a distance of 5 m.
Engineering structure deformation monitoring utilising multi-station photogrammetric techniques began around the early 1990s [4] . The researchers reported sub-millimetre measurement precision results in a military steel bridge deformation monitoring project using the techniques. Since then, a number of researches have been carried out using similar photogrammetric techniques on engineering structures such as a steel girder bridge [5] . These researchers showed that photogrammetric techniques could provide accuracy from 0.05 mm to one mm. Therefore, it was stipulated that NIR video recording technique needs to attain similar measurement accuracy before the technique can be used for monitoring works.
A preliminary investigation found the NIR video recording has two unique advantages over normal colour video recording. The first advantage is NIR emitter used with a special retro-target requires very little power to provide enough NIR light for the NIR video recording. The second advantage is that NIR beam intensity beyond 950 nm is not visible to the human eye. Therefore, road users would not be distracted when road structure deformation monitoring are carried out in the night. For colour video recording at night, floodlight must be used as the special retro-target did not perform satisfactorily using camera inbuilt flash unit during the preliminary test. The aim of this research was to determine whether off-the-shelf NIR video camera could be used for high-accuracy close-up engineering structure monitoring in the night. In this context, close-up photogrammetry normally means an object distance of less than 2 m.
Photogrammetric Multi-camera Processing Mathematical Background
The mathematical model used for multi-image simultaneous processing in this study is known as the collinearity condition. The condition can be represented by two equations, one for each image coordinate axis representing the geometry between the lens perspective centre of the camera, the ground coordinates of an object and the image coordinates with reference to the principal point as the coordinate origin (0, 0). The equations give the geometry of a bundle of straight light rays connecting the camera's perspective centre, the image points and the object points. In general, the perspective centre of the lens is represented in the 3-dimensional object-space (1)
Where PD = calibrated focal length of the camera lens, and a 11 to a 33 are given by the following rotation matrix relationship. Fig. 1 Design of a multi-video camera structural deformation monitoring system. Note the bundle of rays joining the lens centre, image point and object point.
Equipment and Software
The video cameras used in the research were two Sony video cameras (HDR-SR-10E) which have the capacity to record NIR video in the dark and Sony NIR emitters (Table 1) . External Sony NIR illuminators were selected for the research because it provides stronger and wider-angle (larger field of view) beams than the inbuilt NIR light source. In general, NIR emitters are required in all night-time (low-light or total darkness) video recording. A universal beam bending instrument, a device suitable for tensile, compression and bending test of materials and manufactured by Shimazu Seisakusho Ltd. Japan was used in the simulated structure deformation monitoring (Fig. 2) . The software used for the video processing and 3D mapping were: 1) VirtualDub: image processing software, Internet freeware and 2) Australis: Camera geometric calibration software, Photometrix, VIC Australia. 
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Methods
Video Camera Calibration. The Sony SR-10E video cameras were calibrated at a photogrammetric laboratory using advanced photogrammetric calibration techniques and software as discussed in [11] . The colour and NIR video modes of each video camera were calibrated separately, thus ensuring high quality calibration parameters for use in subsequent image processing works. Photomodeler DSM software and Australis bundle adjustment software were used in the determination of the intrinsic CMOS chip pixel size and lens parameter values respectively.
Laboratory Beam-bending Test. Three types of structural beams (steel, concrete, and wood) were selected for the bending deformation study. The universal beam bending instrument device creates bending tension by means of a pair of lead-screws, which move a jack down onto the testing beam. The lower end of the jack device is a steel bench which provides end-support to the testing beam of up to a metre in length. To set up the device for the beam-bending test, specialised photogrammetric retro-targets were glued onto the front surface of the testing device (Fig. 3) . A camera-orientation device with forty similar types of targets was fabricated and placed under the structural beam during the bending exercise (Fig. 3) . The purposes of the camera-orientation device were to provide a coordinate reference frame for camera-station resection and to supply a set of targets for the multi-camera/station photogrammetric image processing where a large number of redundant observations are needed to give good results. Before testing, specialised photogrammetric retro targets were glued on to the front face of the selected beam as shown in Figure 3 . During the test, the video cameras were mounted on a purpose-built rigid multi-camera steel tripod. When loads were applied to the test beam colour and NIR video footage were taken. The size of the loads applied to each type of beams is listed in Table 2 . Colour video footages were also taken during the beam-testing; these footages provided the data to determine the quality of the NIR data. Video frames were extracted from the NIR and Colour video footages using VirtualDub software. Subsequently, the video frames were processed using Australis, thus obtaining a set of beam deformation data.
Results and Analyses
Video Camera Calibration. The intrinsic lens parameters in Table 3 are the calibration results of one of the video cameras. The value in the bracket in the PD column is the manufacturer's nominal focal length in a wide-angle setting. As shown, the calibrated PD value of the NIR mode is larger than the colour mode by a small value, thus it is apparent that it is necessary to calibrate the NIR and colour video recording modes individually. Table 3 . Video camera lens calibration parameters.
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Video Camera Video Mode Table 4 provides the detail of the results of the testing using the wooden, steel and concrete structural beams. A set of 25 slope (3D) distances between randomly selected targets on the test beam was used in the measurement accuracy comparison between the NIR and colour video recording modes. 3D distances were used in the comparison because the processing technique produced coordinates of the selected targets in different object-space reference system for each mode. Data in the Colour-NIR mode column was calculated by taking the difference of the computed 3D distance using colour and NIR video frames separately. Accordingly, the largest 3D distance between the methods was 0.054 mm. The measurement accuracy achieved using colour images was approximately equal to the value obtained in [4] , thus demonstrating the correctness of the photogrammetric image processing procedure for this investigation. Figure 4 shows a graph of the beam deformation of the concrete beam bottom row targets after the beam was subjected to a 13 KN load. The top horizontal solid line depicts the zero loading; the solid curve shows the calculated target displacement of NIR imaging using NIR emitters in absolute darkness; and the dashed curve displays the calculated target displacement of colour imaging mode in floodlight. The absolute mean difference in the z (up) axis between the two modes for 12 targets was 0·031 mm. Based on the plotted curves, it was apparent that the differences were caused by random errors.
Conclusion
The research was carried out to find out whether NIR video recording is suitable for engineering structural deformation monitoring at night. The topic of NIR video recording for road bridge monitoring was first brought up in road bridge deformation monitoring seminar when the hazards of using floodlight were discussed. The concerns were floodlight distracts vehicular driver and the intensity of the light may blind driver momentarily. Traffic accidents were often caused by these types of hazard. NIR beyond 950 nm wavelength can not be seen by human; NIR potential for night-time continuous structural deformation monitoring was soon comprehended.
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During the investigation, it was realised that NIR video recording may reduce the consumption of electrical energy as NIR performs remarkably well with specialised retro-targets which are used in high-precision industrial photogrammetry. The use of floodlight outdoor for continuous monitoring requires high voltage electric power and the source must be a power main, an electric generator or a number of 12V batteries. Sony NIR-emitters can be powered by low voltage cell batteries and two AA size batteries can last eight hours. The NIR beam and the retro-target can operate at an object distance exceeding 15 m successfully. Although no tests were carried out it is logical to assume that NIR emitters require far less power than floodlight.
Off-the-shelf digital video cameras were tested in the research; these systems operate in colour and near-infrared imaging modes and they are low-cost. The results show that NIR and colour video frames provide similar accuracy in the study and confirm the potential of NIR video for night-time works. More research is needed to look at the effect of weather conditions such as fog and moisture as these elements are known to absorb NIR more readily than the colour electromagnetic wave-bands.
